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ABSTRACT 
A dry mafic dyke from a continental lower-crustal shear zone in the Seiland Igneous 
Province (northern Norway) experienced syn-kinematic melt-rock interaction. Viscous 
shearing occurred at T ≈800° C, P ≈0.75-0.95 GPa and was coeval with infiltration of felsic 
melt from adjacent migmatitic metapelites. The dyke has a mylonitic microstructure where 
porphyroclasts of orthopyroxene, clinopyroxene and plagioclase are wrapped by a fine-
grained (4-7 µm) polyphase mixture of clinopyroxene + orthopyroxene + plagioclase + quartz 
+ ilmenite ± K-feldspar ± apatite. Microstructural observations and electron backscatter
diffraction analysis indicate that the porphyroclasts deformed by a combination of dislocation 
glide and fracturing, with only a limited record of dislocation creep, recovery and dynamic 
recrystallization. We identified diffusion creep as the dominant deformation mechanism in 
the mixture based on the small grain size, phase mixing and weak crystallographic preferred 
orientation of all phases (interpreted as the result of oriented grain growth during viscous 
flow). The polyphase mixture did not form by dynamic recrystallization or by mechanical 
fragmentation of the porphyroclasts, but rather by melt-rock interaction. Thermodynamic
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 The presence of melt during shearing in the lower continental crust has strong
implications on rock rheology. It promotes diffusion, fracturing of porphyroclasts and
dramatic grain size reduction through nucleation of fine-grained polyphase
aggregates.
 Melt-induced chemical reactions trigger grain size reduction and deformation by grain
size sensitive creep, causing weakening of otherwise strong, dry mafic rocks.
 Neglecting melt-rock reactions may lead to a significant over-estimation of the
strength of mafic lower crust during melt-assisted deformation.
Highlights 
models indicate that the syn-kinematic mineral assemblage results from the chemical 
interaction between a pristine mafic dyke and ca. 10 vol% of felsic melt infiltrating from the 
adjacent partially molten metapelites. Extrapolation of laboratory-derived flow laws to natural 
conditions indicates that the formation of interconnected layers of fine-grained reaction 
products deforming by diffusion creep induces a dramatic weakening in the mafic granulites, 
with a strain rates increasing up to 2-3 orders of magnitude. The high strain rates reduced 
the need for dislocation creep and recovery in the porphyroclasts. The reaction weakening 
effect is more efficient than the weakening associated with melt-assisted diffusion creep in 
the presence of up to 10 vol% of infiltrated melt without formation of fine-grained reaction 
products. Thus, we conclude that weakening by dramatic grain-size reduction through 
nucleation of fine-grained material that subsequently deforms by diffusion creep is a major 
effect of melt infiltration during lower crustal shearing.  
1 
CREEP OF MAFIC DYKES INFILTRATED BY MELT IN THE LOWER CONTINENTAL CRUST 1 
(SEILAND IGNEOUS PROVINCE, NORWAY) 2 
3 
G. DEGLI ALESSANDRINI1, L. MENEGON1, N. MALASPINA2, A. H. DIJKSTRA1 AND M. W.4 
ANDERSON15 
1 School of Geography, Earth and Environmental Sciences, Plymouth University, Plymouth, 6 
UK. 7 
2 Department of Earth and Environmental Sciences, Università degli Studi di Milano Bicocca, 8 
Piazza della Scienza 4, 20126 Milano, Italy 9 
1 INTRODUCTION 10 
The rheological behaviour of the continental lower crust exerts a fundamental control on 11 
processes such as the depth of earthquakes, the rate of post- and inter-seismic deformation 12 
and the viscous (de)coupling between the crust and the mantle (Bürgmann and Dresen, 13 
2008; Handy and Brun, 2004; Maggi et al., 2000; Wright et al., 2013). Convincing evidence 14 
for both a strong and a weak lower crust exists as earthquake focal depth distributions 15 
(Austrheim, 2013; Jackson et al., 2008), experimental rock deformation (Wang et al., 2012) 16 
and analysis of large-scale tectonics (Handy and Brun, 2004). Different rheological 17 
behaviours of the lower crust reflect its spatial and temporal heterogeneity in composition, 18 
metamorphism, fluid content and distribution, temperature and rock texture (e.g Bürgmann 19 
and Dresen, 2008). 20 
Large portions of the lower continental crust are composed of anhydrous mafic granulites 21 
(Wedepohl, 1995; Rudnick and Fountain, 1995; Rudnick and Gao, 2003), that are generally 22 
believed to be mechanically strong due to the anhydrous conditions and to the high creep 23 
strengths of ortho- and clinopyroxene (and to a lesser extent of feldspar) (Bürgmann and 24 
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Dresen, 2008; Jackson et al., 2008). It is increasingly clear that anhydrous lower crustal 25 
rocks are mechanically strong and can survive in a metastable state during the Wilson cycle 26 
(e.g. Austrheim, 2013; Jackson et al., 2004). Infiltration of fluids (water, partial melt) appears 27 
to be a sufficient condition for weakening and related deformation in the lower crust to occur 28 
(McKenzie and Jackson, 2002 and references therein).  29 
Aqueous fluid infiltration triggers metamorphic reactions (typically hydration reactions) and 30 
subsequent weakening in mafic granulites because the fine-grained reaction products 31 
generally favour deformation by grain size sensitive creep (Brodie and Rutter, 1985; 32 
Kanagawa et al., 2008; Kenkmann and Dresen, 2002; Kruse and Stünitz, 1999; Menegon et 33 
al., 2015; Okudaira et al., 2015, among others). Fracturing is the most efficient way to 34 
increase the permeability of rocks and to facilitate fluid infiltration, mineral reactions and 35 
deformation even at lower crustal conditions (e.g. Austrheim, 2013, 1987; Menegon et al., 36 
2013; Okudaira et al., 2015). Extensive fracturing under granulite facies conditions has been 37 
interpreted as indicative of high creep strength of the granulites (Austrheim, 2013; Jackson 38 
et al., 2004; Okudaira et al., 2015) that enable in situ stresses to reach magnitudes sufficient 39 
for fracture.  40 
Partial melting is another fluid-related process that has a strong influence on the mechanical 41 
behaviour of rocks, where the melt-weakening effect has been demonstrated in 42 
experimentally and naturally deformed rocks of felsic and mafic compositions representative 43 
of the lower crust (Dimanov et al., 2000, 1998; Rosenberg and Handy, 2005; Rutter and 44 
Neumann, 1995; Van der Molen and Paterson, 1979; Yoshinobu and Hirth, 2002; Zhou et al., 45 
2012). The strength of partially molten aggregates decreases if melt wets the majority of 46 
grain boundaries to form an interconnected melt network. In crustal systems, this typically 47 
happens for melt fractions > 0.07 (Rosenberg and Handy, 2005) and the weakening effect is 48 
explained by an increased contribution of melt-assisted grain boundary sliding and diffusion 49 
creep (e.g. Dell`Angelo et al., 1987; Rosenberg and Berger, 2001; Rutter et al., 2006). 50 
However, the role of melt infiltration on the microstructural modifications and its effect on the 51 
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rheological evolution of mafic granulites has been less investigated. Melt infiltration can 52 
produce chemical disequilibrium within the rock, leading to the development of fine-grained 53 
reaction products able to deform by grain size sensitive creep (Dijkstra et al., 2002; Závada 54 
et al., 2007; Zhou et al., 2012). In such a scenario, weakening of strong dry mafic rocks can 55 
be triggered by melt infiltration from external sources and not necessarily by partial melting 56 
of the mafic granulites themselves.   57 
This study investigates the grain-scale processes and deformation mechanisms of a mafic 58 
dyke experiencing melt infiltration during shearing in a continental lower-crustal shear zone 59 
formed under granulite facies conditions. The investigated rock is a mafic dyke embedded in 60 
a metasedimentary sequence that was subjected to granulite-facies partial melting and 61 
shearing during emplacement of gabbroic plutons. The aim of this work is to determine the 62 
deformation mechanisms and rheology of the sheared mafic dyke interacting with an 63 
infiltrated melt. Lower crustal partial melting of meta-sediments and melt-induced 64 
metamorphic reactions in mafic lithologies could be a common process responsible for grain 65 
size reduction and weakening of otherwise dry and strong mafic rocks. 66 
2 GEOLOGICAL SETTING 67 
The Seiland Igneous Province of the north Norwegian Caledonides is a suite of mafic, 68 
ultramafic and alkaline deep-seated intrusions emplaced in the lower continental crust during 69 
pre-Caledonian rifting at 570-520 Ma (Elvevold et al., 1994; Roberts et al., 2006). The 70 
Seiland Igneous Province is part of the Kalak Nappe Complex of the north-Norwegian 71 
Caledonides (Roberts et al., 2006 and references therein); however, it largely escaped the 72 
tectono-metamorphic Caledonian overprint, the evidence of which is possibly restricted to 73 
narrow localised shear zones within the gabbros (Elvevold et al., 1994). In the Øksfjord 74 
peninsula (Fig. 1a), gabbroic bodies intruded high grade metasedimentary rocks 75 
(paragneisses and metapelites) presumably belonging to the Eidvågeid Sequence found 76 
some 50 km farther north east within the Kalak Nappe Complex (Elvevold et al., 1994; 77 
4 
Reginiussen et al., 1995) (Fig. 1a). The metasediments contain different sets of pre-78 
kinematic mafic dykes (Reginiussen et al., 1995). In this context, pre-kinematic means that 79 
the dykes are part of the host rock and are not related to the intrusive cycle associated with 80 
the emplacement of the Seiland Igneous Province (Reginiussen et al., 1995).  81 
Emplacement of gabbroic bodies was accompanied by contact metamorphism, shearing and 82 
partial melting of the host metasediments, which produced a steeply dipping N-S trending 83 
gneissic to mylonitic foliation in both the metasediments and the dykes (Elvevold et al., 1994; 84 
Menegon et al., 2011). The mylonitic foliation contains a stretching lineation plunging 85 
moderately to the NW and kinematic indicators are consistent with a top-down-to-NW sense 86 
of shear. The shear fabric formed during isobaric cooling and granulite facies re-equilibration 87 
from peak conditions of T = 930°C - 960°C, P = 0.55 - 0.7 GPa to T = 700 - 750°C, P = 0.5 -88 
0.7 GPa (Elvevold et al., 1994). The mylonitic foliation is parallel to a primary magmatic 89 
layering locally preserved in the gabbros, and this has been taken as indicative of protracted 90 
syn- to post-intrusive deep crustal shearing (Elvevold et al., 1994; Roberts et al., 2006).  91 
The analysed samples are pre-kinematic mafic dykes in metapelites from the Bardineset 92 
locality (GPS UTM coordinates relative to WGS84: zone 34 W, 0549420 E, 7783845 N) (Fig. 93 
1a). In the outcrop, the dykes are dark foliated layers ranging in thickness from < 1 cm to 94 
about 2 m (Fig. 1b). The dykes are concordant with the dominant N-S striking foliation in the 95 
area and also exhibit a well-developed NW-plunging stretching lineation.  96 
Solid state shearing conditions in the metapelites were estimated from thermodynamic 97 
modelling of syn-kinematic mineral assemblages at T = 760 °C - 820 °C and P = 0.75 - 0.95 98 
GPa (Menegon et al., 2011). Partial melting during shearing of the metasedimentary 99 
sequence is evident from segregated leucosome-rich domains. Melt segregations occur from 100 
outcrop- to thin-section scale, with Menegon et al. (2011) demonstrating that melting and 101 
shearing in the metapelites were coeval. Thermodynamic modelling and microstructural 102 
analysis indicated that about 5-7 vol% of melt was present in the metapelites during shear 103 
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deformation at the estimated P, T conditions (Menegon et al., 2011). During shearing, felsic 104 
melt from the metapelites infiltrated the adjacent mafic dykes as evident from thin leucosome 105 
veinlets in the dykes (Fig. 1c, d).  106 
3 METHODS 107 
3.1 MICROSTRUCTURAL ANALYSIS 108 
The petrography and microstructure of sheared mafic dykes were studied on polished thin 109 
sections cut perpendicular to the foliation and parallel to the stretching lineation. Individual 110 
grains and mineral aggregates were manually outlined from optical and SEM backscatter 111 
electron images, and the resulting microstructural maps were processed using the image 112 
analysis software Fiji (ImageJ) (http://fiji.sc/Fiji) to derive: (1) grain-size (equivalent circular 113 
diameter); (2) grain/aggregate aspect ratio; and (3) relative phase abundances.  114 
3.2 EBSD ANALYSIS 115 
Crystallographic orientations of clinopyroxene, orthopyroxene, plagioclase and quartz were 116 
measured with the electron backscatter diffraction technique (EBSD) with a Jeol JSM 117 
6610LV SEM at the Electron Microscopy Centre of Plymouth University, UK. EBSD maps 118 
were acquired on the same polished thin sections used for light microscopy and for chemical 119 
analysis. The thin sections were left uncoated during acquisition of EBSD patterns. Working 120 
conditions were 20 kV accelerating voltage, 50 Pa vacuum (low-vacuum mode), a working 121 
distance between 18 and 23 mm, and 70° sample tilt. EBSD patterns were acquired from 122 
rectangular grids using a step size between 0.6 μm to 4 μm depending on the main target of 123 
the analysis (fine-grained mixture vs. large porphyroclasts). Diffraction patterns were 124 
automatically indexed using Oxford Instruments Aztec software. Raw indexing rate ranged 125 
from 72% to 95%. 126 
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EBSD results were processed with Oxford Instruments HKL Channel 5 software. Noise 127 
reduction was performed following the procedure tested by Prior et al. (2002). All EBSD data 128 
are presented with the pole to the mylonitic foliation (Z direction) pointing upwards. Grains 129 
are conventionally defined by a 10º misorientation boundary. Contoured pole figures are 130 
calculated from one-point-per-grain plots, and contour lines have 0.5 m.u.d intervals, with the 131 
first contour being 1 m.u.d. The J-index parameter (where 1= random orientations and ∞ = 132 
single crystal), calculated using a Gaussian Half Width of 15° and a Spherical Harmonic 133 
Order of 10, was also used to quantify the strength of the texture (Bunge, 1982).   134 
3.3 BULK ROCK AND MINERAL CHEMISTRY 135 
Major element bulk-rock composition was determined by XRF analysis on glass beads using 136 
the WDS Philips PW2400 sequential spectrometer installed at the University of Padova, Italy. 137 
Instrumental precision for major elements was within 0.6 wt%. Rock powder was obtained by 138 
milling the sample through a tungsten carbide mortar. The powder was placed in a furnace 139 
at 860°C for 20 minutes and at 980°C for 2 hours to dehydrate the sample of its volatile 140 
component and to determine the loss on ignition (LOI). Lithium-tetraborate (Li2B4O7) in the 141 
proportion 10 to 1 was added to the powder and the mixture was molten at 1150°C to 142 
produce a glass bead.  143 
Major element mineral chemistry was measured with the JEOL 8200 Super Probe electron 144 
micro-probe analyser (EMPA) at the Department of Earth Sciences, University of Milan, Italy. 145 
Working conditions were 15 kV accelerating voltage, 5 nA current, 1 µm beam diameter, 146 
using wavelength dispersive spectrometry (WDS) and natural silicates as standards. A 147 
PhiRhoZ routine was used for matrix correction. Potassic feldspar was analysed with a 148 
defocussed beam to prevent K devolatilisation during the analyses. Mineral analyses were 149 
always assisted by detailed back scattered electron (BSE) images to inspect the 150 
microstructural site. 151 
3.4 SECONDARY ION MASS SPECTROMETRY  152 
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Intracrystalline hydrogen content in pyroxene porphyroclasts was measured on a polished 153 
thin section using the Cameca ims-4f Secondary Ion Mass Spectrometry (SIMS) at the 154 
NERC Ion Microprobe Facility in Edinburgh, UK; following the approach of Warren and Hauri 155 
(2014). Prior to analysis the sample was placed in an oven at 105°C for 30 minutes to 156 
remove surface humidity. The sample was then coated with a thin gold film (<0.02 µm) and 157 
kept in the SIMS chamber under high vacuum conditions (5 x 10-9 Torr) for > 48 hours. 158 
Analysis was performed with a 5 nA primary beam of 16O- ions accelerated to 14.5 kV. To 159 
reduce the risk of surface contamination, the first few nm of surface material were removed 160 
by sputtering the spot for 4 minutes while rastering the beam (25 μm grid) before each 161 
measurement. Measurements were acquired using a beam spot size of 20 µm (±5 µm). 162 
Each analysis consisted of 20 repeats (cycles) of the isotopes 1H, 23Na, 30Si, 39K and 49Ti. 163 
For hydrogen only the last 15 cycles were averaged as 1H signals usually dropped during 164 
the first cycles before stabilizing. Previously determined concentration of SiO2 was used as 165 
an internal standard. Probing locations were identified beforehand and particular attention 166 
was taken to avoid cracks, grain-boundaries and alterations, as these could contain free 167 
water molecules. Basaltic glass standard St81A9 (Lesne et al., 2011) was used to calibrate 168 
the water content in pyroxene, whereas an anhydrous olivine standard (Kilbourne Hole) was 169 
used to correct for background 1H signals. The measured background signal was equivalent 170 
to 12 ppmw H2O. This value was subtracted to the measurements. 171 
4 RESULTS 172 
4.1 MICROSTRUCTURE 173 
The sheared mafic dyke is a SCC’-type mylonite with a porphyroclast-in-mixture texture, 174 
consisting of clinopyroxene, orthopyroxene and plagioclase porphyroclasts embedded in a 175 
fine grained polyphase mixture of clinopyroxene + orthopyroxene + plagioclase + quartz + 176 
ilmenite ± K-feldspar ± apatite (Fig. 2a, b: porphyroclasts – Fig. 4: fine mixture). The sense 177 
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of shear is sinistral, and corresponds to the top-down-to-NW sense of shear observed in the 178 
field. Porphyroclasts range in size from 25 to 650 µm and form 43% of the area fraction of 179 
the mylonite; the remaining 57% is formed by the fine-grained polyphase mixture. 180 
Orthopyroxene, clinopyroxene and plagioclase form 26%, 17% and 57% of the porphyroclast 181 
area fraction of the rock, respectively, whereas the fine-grained mixture consists of 38% 182 
plagioclase, 25% orthopyroxene, 17% clinopyroxene, 9% quartz, 6% ilmenite, 1% K-feldspar 183 
and 2-3% apatite + garnet. Thus, the overall phase abundances (by area) in the sheared 184 
dyke (porphyroclasts + mixture) are as follows: 46% plagioclase, 25% orthopyroxene, 17% 185 
clinopyroxene, 5% quartz, 3% ilmenite, 1% apatite, 0.6% K-feldspar, ca. 2% garnet. Hydrous 186 
phases (amphibole, biotite) have not been observed in the microstructure.  187 
Felsic veinlets, typically < 1 mm thick, are locally found along the mylonitic foliation of the 188 
dyke (Fig. 1c, d). The mineral assemblage in the veinlets consists of K-feldspar, quartz, 189 
plagioclase ± garnet ± orthopyroxene (Fig. 3). K-feldspar can be indicative of former melt 190 
(e.g. Holness and Sawyer, 2008), when it is found as (1) thin (< 50 µm thick) monomineralic 191 
grain boundary films; (2) irregularly-shaped patches containing small (< 20 µm) rounded 192 
grains of quartz and plagioclase completely surrounded by K-feldspar; and (3) as K-feldspar 193 
rich patches in cuspate-lobate embayments around garnet porphyroblasts. Similar 194 
microstructures, attributed to dehydration melting of biotite, were described from the 195 
Bardineset sheared felsic migmatites in Menegon et al. (2011) and are also observed in this 196 
study (Fig. 3c). 197 
The main objective of this work is to investigate the deformation mechanisms and the 198 
associated weakening in the sheared mafic dyke. Thus, in the following section the 199 
microstructures of the porphyroclasts and of the fine-grained polyphase mixture are 200 
described separately. 201 
4.1.1 PORPHYROCLASTS 202 
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Orthopyroxene porphyroclasts are typically lenticular, but can occur as elongated single-203 
grain ribbons parallel to the foliation, with aspect ratios up to 12:1 (Fig. 2a). Some are 204 
boudinaged, with the fine-grained polyphase mixture filling the boudin necks (Fig. 2b). 205 
Orthopyroxene grains can contain thin (< 1 µm) exsolution lamellae of clinopyroxene (Fig. 206 
2c). In porphyroclasts with high aspect ratios (>3:1) the lamellae are oriented parallel to the 207 
crystal elongation; whereas in more equant porphyroclasts no lamellae are observed (Fig. 2c, 208 
d).  209 
Clinopyroxene porphyroclasts vary from ca. 30 µm to ca. 300 µm in size and commonly 210 
display low to moderate aspect ratios (>80% below 3:1). Most porphyroclasts show strong 211 
crystal distortions in the form of undulose extinction and misorientation bands. 212 
Orthopyroxene exsolution lamellae are common in different sets, variably oriented with 213 
respect to the crystal elongation and to the trace of the mylonitic foliation (Fig. 2e). They are 214 
typically bent, providing further evidence of strain and crystal distortion within the 215 
porphyroclasts. As for orthopyroxene, clinopyroxene porphyroclasts show boudinage and 216 
pinch and swell microstructures, with the fine-grained polyphase aggregate filling the boudin 217 
necks (Fig. 2b). Individual fragments of the same porphyroclast can be easily identified 218 
under the optical microscope by the same extinction position and interference colours. 219 
Boudinaged fragments are often crosscut by cracks filled by recrystallized fine-grained 220 
clinopyroxene (11 µm average grain size) (Figs. 2f and Fig. 8a, b). These intracrystalline 221 
bands of recrystallized clinopyroxene are dominantly monomineralic with only minor 222 
amounts of other phases (quartz, orthopyroxene, plagioclase or ilmenite). While the 223 
porphyroclasts show large distortions adjacent to these bands, the small polygonal 224 
recrystallized grains in the bands are optically strain free.  225 
Plagioclase porphyroclasts are generally lenticular with low aspect ratios (77% below 3:1) 226 
and display crystal distortions in the forms of undulose extinction, bent twins and local 227 
deformation bands. Similar to clinopyroxene, plagioclase is often crosscut by intracrystalline 228 
bands filled by small recrystallized grains. The fractures occur with a wide range of 229 
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orientation and synthetic and antithetic bookshelf geometries are common (Fig. 2g). Such 230 
fractures are often parallel to the sinistral C’ shear bands observed at the bulk sample scale.  231 
4.1.2 FINE-GRAINED POLYPHASE MIXTURE 232 
Porphyroclasts are embedded in a fine-grained mixture of clinopyroxene + orthopyroxene + 233 
plagioclase + quartz + ilmenite ± K-feldspar ± apatite. The grain-size is consistently less than 234 
10 µm (average 4-7 µm) (Fig. 4 and 5). The relative phase abundances vary locally, 235 
depending on the phase surrounded by the aggregate. Aggregates around orthopyroxene 236 
porphyroclasts are dominated by a mixture of orthopyroxene and quartz, while aggregates 237 
around clinopyroxene porphyroclasts by a mixture of clinopyroxene and quartz. Exsolution 238 
lamellae have not been observed in the fine-grained ortho- and clinopyroxene of the mixture. 239 
The fine-grained aggregate is locally overgrown by garnet ± ilmenite (Fig. 4c), which also 240 
form rims around plagioclase porphyroclasts. K-feldspar is found in minute quantities, where 241 
it often forms irregularly-shaped patches containing rounded grains of plagioclase and quartz 242 
entirely surrounded by K-feldspar (Fig. 4d, e). These patches are similar to those occurring 243 
in the felsic veinlets (Fig. 3c). 244 
4.2 EBSD ANALYSIS 245 
4.2.1 PORPHYROCLASTS 246 
Orthopyroxene porphyroclasts are preferentially oriented with the [001] axes subparallel to 247 
the stretching lineation and the (100) planes subparallel to the foliation (Fig. 6d). Crystal 248 
distortion in orthopyroxene manifests as gradual increments of misorientation (< 3°), with 249 
cumulative misorientations across single porphyroclasts as large as 30° (Fig. 6c, profile A). 250 
The density of low angle boundaries (i.e. 3°-10°) in orthopyroxene porphyroclasts is very low, 251 
even in case of grains with high aspect ratio (Fig. 6a). This indicates limited subgrain 252 
development. The transition from orthopyroxene porphyroclasts to the fine-grained 253 
aggregate is marked by abrupt, large misorientation angles between the new grains and the 254 
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neighbouring porphyroclast; as evident from the misorientation map and from the 255 
misorientation profiles of Figure 6 (Fig. 6b, profiles B, C, D). In addition, the orientation of the 256 
fine-grained aggregate directly in contact with the porphyroclasts shows no host control (Fig. 257 
6d).  258 
Clinopyroxene porphyroclasts do not display an obvious crystallographic preferred 259 
orientation (CPO), even though there is the tendency for the [001] axes to be aligned 260 
subparallel to the stretching lineation and for the (010) to align subparallel to foliation (Fig. 261 
7d). The density of low-angle boundaries is highly variable: many porphyroclasts are 262 
essentially free of low-angle boundaries, while others show local evidence of substructures. 263 
As for the orthopyroxenes grains, the transition from the porphyroclasts to the small 264 
clinopyroxene grains is marked by abrupt misorientations, often > 80° (Fig. 7b). In addition, 265 
the fine-grained clinopyroxene grains in contact with the porphyroclasts lack an evident CPO 266 
(Fig. 7c, subsets). The clinopyroxene grains in the matrix are mostly internally strain-free and 267 
do not contain evident substructures. Large misorientations between matrix grains are 268 
evident from the misorientation profile of Fig. 7b.  269 
Clinopyroxene porphyroclasts are often crosscut by bands of fine-grained clinopyroxene. 270 
Once again, the crystallographic orientation of the grains within the bands is unrelated to the 271 
orientation of the host porphyroclast (Fig. 8c). Minor low angle boundaries are visible in the 272 
porphyroclast in the area flanking the bands, while the interior of the porphyroclasts appear 273 
largely devoid. The new grains within the bands are strain free and without substructures 274 
(Fig. 8b).  275 
Plagioclase porphyroclasts exhibit a weak CPO with (100) poles subparallel to lineation and 276 
(010) poles subnormal to foliation (Fig. 9c). Misorientation profiles across the length of277 
lenticular porphyroclasts show strong crystal distortions with misorientations up to ca. 30° 278 
(Fig. 9b, profiles A-B). However, low-angle boundaries are scarce and preferentially cluster 279 
in regions adjacent to intracrystalline cracks and along porphyroclasts margins (Fig. 9a). 280 
12 
Low-angle boundaries often define misorientation bands parallel to intracrystalline cracks 281 
filled with new grains. Misorientation bands occur also in conjugate sets symmetrically 282 
arranged with respect to the normal to the foliation plane (Fig. 9a).  283 
Misorientation profiles across fine-grained bands separating porphyroclasts indicate that the 284 
misorientations are sharp, and that porphyroclasts on either side are highly misoriented (up 285 
to 150°) with respect to each other (Fig. 9b: profiles C-D). The regular jumps in 286 
misorientation along profile D is the result of twinning. In profile D, lattice distortion is mostly 287 
concentrated in proximity of the fine-grained band. As for ortho- and clinopyroxene, the 288 
crystallographic orientation of the small grains filling cracks and forming nearly mono-289 
mineralic aggregates around porphyroclasts does not overlap with the one of the neighbour 290 
porphyroclast (Fig. 9c). The recrystallized plagioclase grains have internal misorientation 291 
less than 1° and display large misorientations between grains (Fig. 9b: profile E).  292 
4.2.2 FINE-GRAINED POLYPHASE MIXTURE 293 
We determined the crystallographic orientation of fine-grained orthopyroxene, clinopyroxene, 294 
plagioclase and quartz in the polyphase mixture shown in Fig. 10a. The same results were 295 
obtained from the analysis of other EBSD maps, so that we consider the following 296 
description representative of the crystallographic fabrics of the polyphase matrix. 297 
In general, all phases of the polyphase mixture have a weak crystallographic preferred 298 
orientation (CPO) (max < 3.5 m.u.d, J-index < 1.6) (Fig. 10b). The (100) planes and [001] 299 
directions of orthopyroxene form maxima parallel to the foliation plane and stretching 300 
lineation, respectively. These orientations overlap with that of the porphyroclasts (Fig. 6d). 301 
Clinopyroxene exhibits a weak L-type CPO (Helmstaedt et al., 1972) where the [001] axes 302 
are concentrated parallel to the stretching lineation, while the [010] axes form a girdle normal 303 
to the lineation (Fig. 10b). Poles to (100) planes cluster normal to the foliation and are 304 
rotated antithetically with respect to the sinistral sense of shear. This weak L-type CPO 305 
overlaps with that of the clinopyroxene porphyroclasts (Fig. 7c). The (110) planes of 306 
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plagioclase form a weak maximum parallel to the foliation plane, while there is no clear 307 
maximum of crystallographic directions subparallel to the stretching lineation (Fig. 10b). 308 
Quartz c-axis CPO has a weak maximum (2.66 m.u.d, J-index 1.10) near the centre of the 309 
pole figure (Y direction) (Fig. 10b). The a-axes and the poles to the m-prismatic planes form 310 
weak maxima subparallel to the stretching lineation. 311 
The misorientation angle distribution for uncorrelated pairs is remarkably close to the 312 
theoretical random curve for all the four analysed phases (Fig. 10c). The misorientation 313 
angle distribution for correlated pairs shows the following major deviations from the random 314 
curve: (i) misorientations < 50° occur with a higher frequency than expected for a random 315 
distribution in orthopyroxene; (ii) misorientations < 80° and between 100° and 110° occur 316 
with a higher frequency than expected for a random distribution in clinopyroxene; (iii) 317 
misorientations < 20° and of 180° occur with a higher frequency than expected for a random 318 
distribution in plagioclase; and (iv) misorientations < 5° and of 60° occur with a higher 319 
frequency than expected for a random distribution in quartz. The peaks at 180° and 60° in 320 
plagioclase and quartz, respectively, are attributed to twinning. 321 
4.3 BULK-ROCK CHEMICAL COMPOSITION AND MINERAL CHEMISTRY 322 
The bulk rock composition (major elements) of the sheared mafic dyke is reported in Table 1. 323 
Two domains were analysed: one that included felsic leucosome veinlets and one that did 324 
not. The analysis that includes the felsic portion shows contamination of the pristine dyke by 325 
felsic melt, resulting in SiO2 and Al2O3 enrichment and a corresponding Fe2O3 (as total iron), 326 
MgO and CaO depletion (Fig. 11). Bulk compositions are compared with felsic leucosomes 327 
sampled by Menegon et al. (2011) from adjacent migmatitic metapelites and with the pre-328 
kinematic mafic dykes of Reginiussen et al. (1995). All the compositions grossly correlate in 329 
a linear trend. Our sample O34b (with and without felsic portion) lies on a mixing trend 330 
between the pre-kinematic dykes and felsic leucosome produced by dehydration melting of 331 
the host metapelites.  332 
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Table 2 reports major element microprobe analysis of porphyroclastic and fine-grained 333 
clinopyroxene, orthopyroxene and plagioclase. Porphyroclasts are homogeneous in 334 
composition and do not display chemical variation between core and rim. Clinopyroxene has 335 
an average diopside composition of [Ca0.47,Mg0.35,Fe0.18]SiO3, orthopyroxene has an average 336 
composition of En50 [Ca0.01,Mg0.50,Fe0.49]SiO3 and plagioclase has an average composition 337 
of An77: (Na0.22,Ca0.77)(Al1.75,Si2.23)O8. In pyroxenes, only minor compositional variations occur 338 
between the porphyroclasts and the small grains in the mixture. The clinopyroxenes and the 339 
orthopyroxenes in the fine grained aggregate have average compositions of 340 
[Ca0.47,Mg0.36,Fe0.17]SiO3 and [Ca0.01,Mg0.50,Fe0.49]SiO3) respectively. In contrast, plagioclase 341 
in the mixture displays chemical variations ranging from An60 to An90 (Table 2 and Fig. 12).  342 
4.4 INTRACRYSTALLINE WATER CONTENT IN CLINO- AND ORTHOPYROXENE 343 
The results of SIMS measurements of intracrystalline water content in clinopyroxene and 344 
orthopyroxene porphyroclasts are plotted in Fig. 13a. A total of 54 points were measured: 28 345 
grains of orthopyroxene and 26 of clinopyroxene. Because clinopyroxene porphyroclasts are 346 
dissected by intracrystalline fractures and boudinaged, while orthopyroxene form strongly 347 
elongated monocrystalline ribbons, these measurements were made to test the hypothesis 348 
that different amounts of intracrystalline water contents could have promoted (in case of 349 
orthopyroxene) or inhibited (in case of clinopyroxene) crystal plastic deformation. 350 
Clinopyroxene grains exhibit a large range of water contents, with a mean of 75 ± 29 ppm 351 
(1StDev; n=26). Conversely, orthopyroxene appears to have a bimodal distribution with the 352 
majority of the measurements < 60 ppm and a smaller group of values > 100 ppm (Fig. 13a). 353 
After SIMS analysis each ion probe pit was inspected on SEM BSE images to check if 354 
anomalously high values of H contents resulted from the presence of cracks, grain 355 
boundaries or exsolution lamellae not detected during SIMS analysis. At the resolution of the 356 
SEM imaging all the pits looked clean, so that we consider the measurements as 357 
representative of real intracrystalline water contents. The mean water content in 358 
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orthopyroxene grains is 19 ± 11 ppm (1StDev; n=22) if the values greater than 100 ppm are 359 
excluded from the calculation. If these were to be accounted for, the average would be 90 ± 360 
60 ppm (1StDev; n=28). Based on the modal distribution, orthopyroxene contains 361 
considerably less amounts of intracrystalline water than clinopyroxene. No correlation was 362 
observed between the orthopyroxene grains aspect ratio and the intracrystalline water 363 
content (Fig. 13b). Highly elongated orthopyroxene grains were found to contain on average 364 
less water than rounded clinopyroxenes.  365 
A positive correlation exists between intracrystalline water content and K2O content, 366 
simultaneously measured with SIMS (Fig 13c).  367 
5 DISCUSSION 368 
5.1 ORIGIN OF THE FINE-GRAINED POLYPHASE MIXTURE BY MELT-ROCK REACTION 369 
To constrain the P-T conditions of deformation of the mafic dyke, we constructed two P-T 370 
isochemical sections (one at dry conditions and the other with 0.03wt% H2O) using Perple_X 371 
thermodynamic modelling package (Connolly, 1990). The input bulk composition is that of 372 
O34b.2 (without felsic veins) reported in Table 1, with FeO as total iron. We used the 373 
thermodynamic database and equation of state for H2O of Holland and Powell (1998, 374 
upgraded 2002), and the solution models of Holland and Powell (2003, 1998, 1996) for 375 
olivine, orthopyroxene, clinopyroxene, garnet, phengite, feldspar and biotite. We used the 376 
solution model of Dale et al. (2005) for amphibole.  377 
Results indicate that, at dry conditions, the mineral assemblage of the matrix (Opx + Pl + 378 
Cpx + Qtz + Ilm ± Kf) is stable for a wide range of P-T conditions. The previously estimated 379 
P, T conditions of 0.7-0.8 GPa, 760-820°C (Menegon et al., 2011) fall at the boundary of the 380 
stability field of the mineral assemblage calculated with Perple_X (Fig. 14a). The P-T section 381 
also shows that garnet is stable at higher pressure, consistent with the textural position of 382 
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garnet overgrowing the mylonitic fabric (Fig. 4c). Similar textural relationships, indicating a 383 
pressure increase in shear zones from the Seiland Igneous Province, were interpreted by 384 
Elvevold et al. (1994) as the result of localized Caledonian overprint. For comparison, the 385 
same isochemical section was calculated with 0.03 wt% H2O, as measured from the Loss 386 
On Ignition (Fig. 14b). This small amount of water thermodynamically stabilises biotite up to 387 
temperatures of 760-820°C in garnet-free assemblages, but biotite was not observed in the 388 
sheared dyke. Because biotite is not observed in the sheared dyke, we use 800°C  as the 389 
equilibration temperature during mylonitization. 390 
Evidence of syn-kinematic melt infiltration from adjacent partially molten metapelites 391 
suggests that melt played an important role in the deformation of the mafic dykes. 392 
Petrographic evidence of melt-rock interaction is given by the occurrence of quartz and 393 
minor K-feldspar in the polyphase fine-grained mixture, together with orthopyroxene, 394 
clinopyroxene, plagioclase and ilmenite (Fig. 4d-e). This paragenesis excludes the possibility 395 
that the fine-grained mixture was produced by partial melting of the dyke itself: partial 396 
melting of a gabbroic rock in the lower crust would require hydrous conditions and produce 397 
melts of plagiogranite to adakitic composition (e.g. Koepke et al., 2004; Sen and Dunn, 398 
1994). Adakite usually contains phenocrysts of plagioclase, amphibole, mica, very rare 399 
orthopyroxene, and no clinopyroxene – substantially different to the observed assemblage. 400 
Furthermore, hydrous conditions are excluded since no hydrous minerals were observed. 401 
We therefore can exclude partial melting of the mafic dyke, although we cannot predict 402 
whether melt-producing reactions occurred within the dyke when it reacted with felsic melt. 403 
Formation of the fine-grained mixture by extensive dynamic recrystallization of 404 
orthopyroxene, clinopyroxene and plagioclase porphyroclasts does not appear plausible 405 
because evidence of recovery (subgrain development) in the porphyroclasts is scarce (see 406 
section 4.1.1). Moreover, dynamic recrystallization cannot explain the presence of dispersed 407 
quartz and K-feldspar in the mixture. Therefore, based on microstructural, petrological and 408 
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field evidence, we propose that the fine-grained polyphase mixture is the result of melt-rock 409 
reaction between the solid mafic dyke and the infiltrating felsic melt. 410 
To test this hypothesis, we used Perple_X to model the mineral assemblage that would be 411 
thermodynamically stable when chemically mixing a pristine mafic dyke with a felsic melt 412 
(formed by syn-kinematic dehydration melting of the host metapelites). This scenario 413 
effectively corresponds to simple binary mixing between mafic dyke and leucosome. The 414 
result is shown as an isobaric T-X section (P=0.7 GPa), where X represents different 415 
degrees of chemical mixing between the mafic dyke (X=0.00) and the felsic melt (X=1.00) 416 
(Fig. 14c and d). To construct this T-X section, we used the bulk-rock compositions of the 417 
least contaminated (pre-kinematic) dyke of Reginiussen et al. (1995) as one end member 418 
(X=0.00), and the felsic leucosome of Menegon et al. (2011) as the other (X=1.00). This 419 
approach is justified as the dyke O34b belongs to the pre-kinematic suite of Reginiussen et 420 
al. (1995) and its composition falls along the mixing line of these two end-members (Fig. 11). 421 
The composition of the infiltrating melt is taken to approximate the composition of the felsic 422 
leucosome. We also assume that most of infiltrating melt is consumed in the reactions - that 423 
is little or no residual melt escaped. For this thermodynamic model, we used the same solid 424 
solution models and equation of state adopted for the P-T isochemical sections.  425 
At X=0 (case scenario with no melt infiltration), the pristine dyke could be represented by the 426 
plagioclase + orthopyroxene + clinopyroxene porphyroclasts of our sample (Fig. 14c). Quartz 427 
is expected to form only when the dyke composition is mixed with (at least) 7 wt% of 428 
leucosome (X=0.07). Further chemical mixing of the dyke with leucosome increases the 429 
modal proportion of quartz and decreases that of K-feldspar (Fig. 14c and d respectively). At 430 
15 wt% leucosome mixing (X=0.15), K-feldspar is in complete solid solution with plagioclase 431 
(and so disappears as an end-member phase). Therefore, the presence of both quartz and 432 
K-feldspar in the fine-grained polyphase aggregate indicates mixing of 7-15 wt% of433 
leucosome with the dyke (Field 5, Fig. 14c-d). This range of mixing is further supported by 434 
the modal abundance of quartz and K-feldspar measured by image analysis, that matches 435 
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that modelled in Fig. 14c, indicating around 10 wt% leucosome mixing during deformation. In 436 
addition to quartz and K-feldspar, 7-15 wt% of leucosome mixing stabilises also 437 
orthopyroxene, plagioclase, clinopyroxene, ilmenite, minor rutile and biotite (yellow field 5 of 438 
Fig. 14c-d). The latter mineral assemblage corresponds to the fine-grained polyphase 439 
aggregate observed in the mafic dyke (with the exception of biotite). From a thermodynamic 440 
point of view, even a small amount of water in the system (< 0.1 wt%) is sufficient to stabilise 441 
biotite as a hydrous phase, but this phase has not been recognised in our sample. 442 
Considering an average density of 3.01 g/cm3 for a basalt and of 2.69 g/cm3 for a granite, 443 
the range of chemical mixing would correspond to about 9-11 vol% of felsic melt infiltrating 444 
the pristine mafic dyke during mylonitisation (Fig. 14c-d).  445 
5.2 DEFORMATION MECHANISMS446 
5.2.1 CRYSTAL PLASTICITY VS FRACTURING IN PORPHYROCLASTS447 
Elongated orthopyroxene porphyroclasts are interpreted to deform primarily by dislocation 448 
glide on the (100)[001] slip system, as evidenced by the widespread undulose extinction and 449 
crystal bending, by the high aspect ratios of these grains and by their CPO (Fig. 6). This slip 450 
system is dominant in orthopyroxene, both in naturally and experimentally deformed 451 
samples under a wide range of P-T conditions, including those typical of the granulitic lower 452 
crust (e.g. Dornbusch et al., 1994; Hanmer, 2000; Kanagawa et al., 2008; Raimbourg et al., 453 
2011, 2008). Evidence of subgrain development is scarce, and the transition porphyroclast-454 
new grain is invariably characterized by large misorientations. We have never observed 455 
progressive accumulation of misorientation from the interior of porphyroclasts to the mantle 456 
of new grains. Thus, we conclude that the new grains did not form by subgrain rotation 457 
recrystallization. 458 
Clinopyroxene porphyroclasts show a weak L-type CPO, which could be consistent with 459 
simultaneous activation of {1-10}1/2<110>, {110}[001] and (100)[001] (Bascou et al., 2002).  460 
Local subgrain development is documented in Fig. 7a, where the porphyroclasts show 461 
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polygonal regions separated by ca. 3° low-angle boundaries and a similar size of the new 462 
grains. Despite local presence of substructures in clinopyroxene porphyroclasts, the 463 
adjacent fine-grained aggregate is highly misoriented and without a CPO (Fig.7c – subset2). 464 
In addition, clinopyroxene porphyroclasts are frequently boudinaged and dissected by 465 
intracrystalline bands of fine-grained clinopyroxene (Fig. 8). These bands have a uniform 466 
grain size and resemble recrystallized aggregates. The grains within the bands do not 467 
display a CPO and their crystallographic orientation is markedly different form that of the 468 
hosting porphyroclast. The porphyroclast-new grain transition is associated with large 469 
misorientation jumps, and the host porphyroclasts are typically devoid of low-angle 470 
boundaries. The few low-angle boundaries flanking the band of new grains in Fig. 8b can be 471 
interpreted as part of the “damage zone” associated with crack formation during fracturing 472 
(Stünitz et al., 2003; Trepmann et al., 2007). Taken all together, these observations suggest 473 
that subgrain rotation recrystallization was not the mechanism of formation of the 474 
intracrystalline bands of new grains. We interpret these new grains as the result of 475 
nucleation and growth from fractured fragments (e.g. Menegon et al., 2013; Stünitz et al., 476 
2003; Trepmann et al., 2007). Given the similar chemical composition between new grains 477 
and host porphyroclast, grain growth was likely driven by the reduction in strain- and surface 478 
energy rather than in chemical energy (e.g. Stünitz, 1998). The above indicates is consistent 479 
with clinopyroxene porphyroclasts undergoing fracturing during deformation.  480 
Differently from orthopyroxene, clinopyroxene porphyroclasts do not form elongated 481 
monocrystalline ribbons. If we consider the average crystal elongation as a proxy for the 482 
amount of intracrystalline deformation, the clinopyroxene porphyroclasts are considerably 483 
less deformed than orthopyroxene porphyroclasts. The same was observed in lower crustal 484 
gabbro mylonites by Kanagawa et al. (2008). Our SIMS results show that strongly elongated 485 
orthopyroxene porphyroclasts can contain less water than relatively equant clinopyroxene 486 
grains. Therefore, the different rheological behaviour of ortho- and clinopyroxene cannot be 487 
attributed to a preferential incorporation of intracrystalline water in orthopyroxene and to a 488 
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related hydrolytic-weakening effect. The elongation of orthopyroxene porphyroclasts seems 489 
to be controlled by the presence of clinopyroxene exsolution lamellae along the (100) 490 
planes, which probably acted as planar defects capable of localizing deformation 491 
(Raimbourg et al., 2008). Conversely, the multiple sets of exsolution lamellae in 492 
clinopyroxene may have effectively impeded the movement of dislocations, inhibiting 493 
efficient recovery in clinopyroxene. The positive correlation between K2O and H2O content 494 
reinforces the idea that orthopyroxene water contents are in general very low in high grade 495 
crustal rocks (< 100 ppmw H2O on average, e.g. Johnson, 2006) unless some 496 
microstructural and petrological modification has happened. We speculate that a coupled 497 
increase in K2O and H2O content reflects the infiltration of K-rich felsic melt (Menegon et al., 498 
2011) from adjacent partially molten metapelites during shearing.  499 
The weak CPO of plagioclase ((100) poles subparallel to lineation and (010) poles 500 
subnormal to foliation, Fig. 9c) may be attributed to the activation of the (010)[100] slip 501 
system. However, the same CPO is often associated with magmatic flow (e.g. Morales et al. 502 
2011) and we cannot rule out that it represents a combined shape- and crystallographic 503 
fabric attained by plagioclase during magmatic flow in the dyke. Nevertheless, evidence of 504 
dynamic recrystallization is scarce: low-angle boundaries mostly occur in proximity of 505 
intracrystalline bands while the interior of the porphyroclasts are largely free of low-angle 506 
boundaries. This indicates that porphyroclasts are rather strong and with limited recovery 507 
(hence undulose extinction and deformation bands rather than pervasive subgrain 508 
development). Moreover, localized deformation bands often occur in conjugate sets, and 509 
synthetic and antithetic fractured plagioclase porphyroclasts are common. The new grains 510 
within intracrystalline bands have large misorientations with each other and with the host 511 
porphyroclast. These microstructural features are consistent with recrystallization by 512 
nucleation and growth from fractured grains along intracrystalline bands, which has been 513 
widely documented in high-grade feldspars both in experiments (Stünitz et al., 2003) and in 514 
nature (e.g. Menegon et al., 2013; Okudaira et al., 2015). We conclude that plagioclase 515 
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deformed by dislocation glide plus fracturing, accompanied by nucleation and growth of new 516 
grains from fractured fragments, and that dynamic recrystallization was limited. 517 
5.2.2 GRAIN SIZE SENSITIVE CREEP IN THE POLYPHASE MIXTURE 518 
The similar grain size and shape of all phases and phase-mixing suggest that grain size 519 
sensitive creep was the dominant deformation mechanism in the polyphase matrix. At the 520 
given deformation temperatures (700-800°C), quartz and plagioclase are expected to be 521 
substantially weaker than ortho- and clinopyroxene in the dislocation creep regime 522 
(Bürgmann and Dresen, 2008 and reference therein). However, in the polyphase mixture, all 523 
of the phases appear equally competent and all show similar aspect ratios and grain sizes. 524 
Moreover, all the phases exhibit straight grain boundaries and no evidence for internal 525 
deformation, consistent with minor dislocation activity during the deformation of the small 526 
grains.  527 
Despite microstructural criteria consistent with dominant diffusion creep deformation, the 528 
individual phases show weak CPOs and deviations from theoretical random distributions of 529 
the misorientation angle distributions for correlated grains (Fig 10b and c). This indicates that 530 
some crystallographically-controlled process has contributed to the development of the 531 
microstructure of the mixture. The existence of a (weak) CPO in aggregates deforming in the 532 
grain size sensitive creep regime at mid- to lower crustal conditions and in the upper mantle 533 
has been recognized elsewhere (e.g. plagioclase: Fukuda et al., 2012; Gómez-Barreiro et al., 534 
2007; clinopyroxene: Godard and van Roermund, 1995; Mauler et al., 2000; orthopyroxene 535 
+ olivine aggregates: Sundberg and Cooper, 2008). A CPO in fine-grained aggregates536 
deforming by combined diffusion creep and grain boundary sliding in the presence of melt 537 
has been reported for K-feldspar (Negrini et al., 2014) and for forsterite + diopside 538 
aggregates (Miyazaki et al., 2013). The mechanism of formation of a CPO during diffusion 539 
creep involves a component of rigid-body rotation coupled with anisotropic diffusion rate 540 
leading to oriented grain growth, in which the crystallographic direction of faster 541 
diffusion/growth rate aligns with the instantaneous stretching axis during viscous flow (Bons 542 
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and den Brok, 2000). In the ortho- and clinopyroxene fine grains of our sample, the 543 
alignment of (100) planes with the mylonitic foliation and of the [001] axis with the stretching 544 
lineation can be explained as a shape fabric produced by oriented growth during syn-545 
deformational melt-rock reaction and diffusion creep of the mixture. The [001] axis is the 546 
direction of faster diffusion rate in clinopyroxene (Mauler et al., 2000 and references therein). 547 
Likewise, the weak CPO of plagioclase is not interpretable in terms of known slip systems 548 
and is instead explained as a shape fabric produced during diffusion creep and rigid body 549 
rotation in the presence of melt. The misorientation angle distribution for correlated pairs for 550 
orthopyroxene, clinopyroxene and plagioclase lend further support to this interpretation, in 551 
that it shows high frequencies for misorientations between 10° and 50-80° (Fig. 10). This has 552 
classically been interpreted as the signature of grain boundary sliding that increases the 553 
misorientation between adjacent grains (Halfpenny et al., 2006; Miranda and Klepeis, 2016, 554 
and many others). 555 
From the above, we conclude that the polyphase mixture deformed primarily by diffusion 556 
creep, most likely during crystallization as melt-rock reaction products. Quartz may represent 557 
an exception to this interpretation, in that its weak c-axis CPO is consistent with the 558 
dominant activity of prism <a> slip system. Quartz CPO resulting from diffusion creep 559 
typically show c-axis maxima subparallel to the stretching lineation (Hippertt, 1994; Kilian et 560 
al., 2011; Viegas et al., 2016). 561 
5.3 RHEOLOGICAL EVOLUTION OF THE SHEARED DYKES 562 
Our analysis supports the contention that viscous creep of pristine dry mafic dykes was 563 
associated with melt infiltration and with melt-rock reactions, resulting in the formation of a 564 
fine-grained polyphase mixture deforming by diffusion creep under granulitic conditions. The 565 
constitutive equations for diffusion creep and for dislocation creep of gabbroic rocks and of 566 
their mineral constituents in melt-present conditions can be used to evaluate the role of melt 567 
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infiltration and of melt-rock reaction on the rheological evolution of the sheared mafic dykes 568 
at the estimated deformation temperature of 800° C.  569 
In most experiments and theoretical models of melt-assisted deformation, creep is generally 570 
assumed to be linear viscous, with diffusion creep as the dominant deformation mechanisms 571 
(e.g. Dimanov et al., 1998; Paterson, 2001). As a consequence, the latter form of constitutive 572 
equations should be applied to naturally deformed rocks when diffusion creep (linear viscous, 573 
n=1) is identified as the dominant deformation mechanism. An exception is the flow law 574 
determined by Zhou et al. (2012) where gabbro deforms by dislocation creep in the presence 575 
of < 1 vol% melt. In addition, we used the flow law of Dimanov et al. (1998) for anorthite 576 
aggregates deforming by diffusion creep in the presence of 10 vol% of melt, to evaluate the 577 
rheological effect of the potential activation of melt-enhanced diffusion creep in the dyke.  578 
579 
The rheology of the original mafic dyke is described using the dislocation creep flow law of 580 
dry Maryland diabase (Mackwell et al., 1998). The flow law derived by Zhou et al. (2012) is 581 
used to assess the weakening associated with < 1 vol% of melt during dislocation creep 582 
deformation.  583 
584 




where    is strain rate, A an empirical constant, σ the differential stress, n the stress exponent, 589 
Q the activation energy, R the gas constant, and T the temperature. The flow law for 590 
dislocation creep of dry gabbros of Zhou et al. (2012) was derived for melt fractions < 1 vol%. 591 




ε ̇= A σ^n exp(-Q/RT)
ε ̇= A σ^n d^m exp(-Q/RT)
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where d is the grain size and m the grain size exponent. In case of melt-assisted diffusion 596 
creep of anorthite aggregates (flow law of Dimanov et al., 1998) the melt fraction  is also 597 
included in (2) as a pre-exponential term. The flow laws used and the creep parameters are 598 
listed in Table 3. 599 
600 
Rheological calculations show that, for strain rates of 10-13 s-1 and for an average 601 
porphyroclast grain size of 200 µm, the weakening due to infiltration of 10 vol% melt and a 602 
consequent switch to melt-enhanced diffusion creep would not be dramatic (Fig. 15). The 603 
melt-weakening effect would be more pronounced for slower strain rates and for smaller 604 
grain sizes, but a grain size of 200 µm was chosen as it is most representative of the 605 
porphyroclast fraction of the studied dyke. For a strain rate of 10-12 s-1, diffusion creep in the 606 
dyke in the presence of 10 vol% melt would require higher differential stresses than 607 
dislocation creep, with or without < 1 vol% melt (Fig. 15).  608 
609 
We used the flow law for dry anorthite-diopside aggregates deforming by diffusion creep to 610 
evaluate the rheology of the fine grained polyphase matrix. The flow law was derived for a 611 
50:50 mixture of anorthite and diopside, where the average grain size of anorthite was 3.5 612 
µm and the grain size of diopside was < 35 µm (Dimanov and Dresen, 2005). The calculated 613 
weakening from activation of diffusion creep in the fine-grained reaction products would be 614 
dramatic. The differential stress required to sustain strain rates of 10-12 – 10-13 s-1 in the 615 
mixture by diffusion creep would be < 2 MPa, 2-3 orders of magnitude smaller than the 616 
stress required to deform the dry mafic dyke by dislocation creep, and also considerably 617 
smaller than the stress required to deform the coarse-grained (200 µm) dyke by melt-618 
enhanced diffusion creep. Therefore, the most prominent rheological effect of melt infiltration 619 
is a marked weakening by grain size reduction through nucleation of fine-grained reaction 620 
products that  trigger diffusion creep. The weakening induced by grain size reduction 621 
exceeds the weakening associated with melt-enhanced diffusion creep in an original coarse-622 
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grained dyke infiltrated by 10 vol% of melt. This result highlights the greater importance of 623 
grain size reduction relative to melt-enhanced diffusion creep. 624 
625 
Assuming a differential stress of ca. 100 MPa during shearing (from estimates of Menegon 626 
et al., 2011 in adjacent metapelites), diffusion creep in the fine-grained mixture would occur 627 
at 2.5-3.5 orders of magnitude faster strain rates than dislocation creep and melt-assisted 628 
diffusion creep of the porphyroclasts. These strain rates may have been too high for 629 
recovery to keep pace, so that porphyroclasts could have undergone local fracturing and 630 
boudinage. Similar effects of grain size reduction and strain rate enhancements through 631 
activation of diffusion creep, leading to non-uniform flow in natural mylonites, have been 632 
identified by White (1996). In our dyke, fracturing porphyroclasts could be the result of local 633 
stress concentrations imposed by diffusion creep in the mixture, as well as by the high pore-634 
fluid pressures during infiltration of 10 vol% of melt. In light of this, it is worth noting that 635 
inter- and intragranular fractures often contain thin layers of reaction products that we have 636 
interpreted as evidence of former melt pathways.  637 
6 CONCLUSIONS 638 
In the Seiland Igneous Province (northern Norway), lower crustal shearing of dry mafic 639 
dykes was accompanied by infiltration of felsic melt from adjacent partially molten 640 
metapelites. Shearing and partial melting were coeval and occurred at T of 800° C and P ≥ 641 
0.7 GPa. The microstructural and rheological evolution during shearing of dry mafic dykes 642 
infiltrated by melt can be summarized as follows: 643 
Porphyroclasts deformed by dislocation glide (only minor climb) with slip system (100)[001] 644 
for orthopyroxene, a combination of {1-10}1/2<110>, {110}[001] and (100)[001] for 645 
clinopyroxene and a possible (010)[100] for plagioclase. In clinopyroxene and plagioclase, 646 
dislocation glide was accompanied by fracturing and growth of new grains from fractured 647 
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fragments to form intracrystalline bands of small (< 10 µm) grains. Lattice distortion, 648 
deformation twinning, and no pervasive subgrains development in porphyroclasts indicated 649 
that the bulk of the fine-grained poly-phase aggregate did not form by dynamic 650 
recrystallization, but rather by a combination of fracturing and melt-triggered chemical 651 
reactions. 652 
Melt infiltration played an important role in the deformation of the mafic dyke, triggering 653 
chemical reactions and forming the bulk of the fine-grained polyphase aggregate. 654 
Thermodynamic models simulating chemical mixing of the pristine mafic dyke with felsic melt 655 
showed that ca.10 vol% melt infiltration in the mafic dyke is capable of nucleating the 656 
observed fine-grained mixture of clinopyroxene + orthopyroxene + plagioclase + quartz + 657 
ilmenite ± K-feldspar ± apatite. The fine-grained mixture (4-7 µm average grain size) formed 658 
interconnected weak layers that deformed by diffusion creep. The weak CPO of 659 
orthopyroxene, clinopyroxene and plagioclase is explained by oriented growth during 660 
diffusion creep, whereas quartz was found to deform dominantly by dislocation glide on the 661 
prism <a> slip system. 662 
Rheological calculations of the mafic dyke, using appropriate flow laws for melt-present 663 
systems, showed that grain size reduction by melt-assisted chemical reactions is by far the 664 
most efficient weakening mechanism. Weakening due to grain size reduction largely 665 
exceeds that of melt-enhanced diffusion creep of an original coarse-grained dyke infiltrated 666 
by up to 10 vol% melt. This highlights the importance of grain size reduction relative to melt-667 
enhanced diffusion creep alone (i.e. without the formation of the fine-grained aggregate). 668 
In conclusion, the presence of melt during shearing has strong implications on the rock’s 669 
rheology, as it promotes diffusion, local fracturing of porphyroclasts and dramatic grain size 670 
reduction through nucleation of fine-grained material. Melt-induced chemical reactions could 671 
be a common phenomena in the lower crust, responsible for weakening of otherwise dry and 672 
27 
strong mafic rocks. Models of melt-assisted deformation in the lower crust are likely to 673 
underestimate the melt-weakening effect if melt-rock reactions are not taken into account. 674 
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FIGURE CAPTIONS 897 
Fig.1 898 
(a) Geological map of Øksfjord peninsula, modified after (Elvevold et al., 1994; Reginiussen899 
et al., 1995). The mafic dykes were sampled in the paragneisses of the Bardineset locality 900 
(sample O34b, GPS coordinates relative to WGS 84, zone 34 W, 0549420 E, 7783845 N). (b) 901 
Outcrop of sample O34b: sheared metasedimentary sequence (light grey) with mafic dykes 902 
(dark layers) at Bardineset locality. Foliation is steeply dipping to the WSW. Hammer for 903 
scale. (c) Detail of mafic dyke with felsic bands and veinlets (indicated by black arrows). 904 
37 
Coin (1.6 cm diameter) for scale. (d) Overview of the mafic dyke, with mm-thick felsic 905 
veinlets, indicated by black arrows. Felsic leucosome in the upper portion. 906 
907 
Fig.2 908 
Micrographs (optical + backscatter electron-BSE) of the mafic dyke microstructure, showing 909 
orthopyroxene, clinopyroxene and plagioclase porphyroclasts wrapped by a fine-grained 910 
poly-phase matrix of orthopyroxene, quartz, clinopyroxene, ilmenite and plagioclase; 911 
Sinistral sense of shear; Mineral abbreviations: Pl - Plagioclase, Opx - orthopyroxene, Cpx - 912 
clinopyroxene, Qtz - quartz, Grt - garnet, Ilm - ilmenite, Kf - k-feldspar, Ap  apatite. (a) 913 
Elongated single-grain orthopyroxene ribbons, reaching aspect ratios 12:1. (b) Boudinaged 914 
orthopyroxene and clinopyroxene porphyroclasts (white arrows). (c) Example of equant-915 
shaped orthopyroxenes with no visible exsolution lamellae. (d) Detail of fine (<1 μm) 916 
exsolution lamellae in elongated orthopyroxene ribbons. These lamellae are oriented 917 
subparallel to the crystal long axis.  (e) Clinopyroxene porphyroclast with multiple sets of 918 
orthopyroxene exsolution lamellae, variably oriented to the foliation plane. Note also the 919 
cross-cutting intracrystalline band of fine-grained (recrystallized) clinopyroxene. (f-g) 920 
Examples of large plagioclase and clinopyroxene porphyroclasts with multiple sets of 921 
intracrystalline bands, marked by white arrows. Optical micrographs in crossed polars. 922 
923 
Fig.3 924 
Micrographs (optical + backscatter electron-BSE) of the felsic leucosome in contact with the 925 
mafic dyke. (a-b) Optical micrograph with large (up to 2mm) garnet porphyroclasts wrapped 926 
by a matrix dominated by quartz, k-feldspar and plagioclase. (c) Pools of former melt are 927 




(a) Backscatter electron (BSE) image of the fine-grained polyphase aggregate of Cpx + Opx931 
+ Pl + Qtz + Ilm ± Kf ± Ap. (b-c) Details of polyphase aggregate of Cpx + Opx + Pl + Qtz +932 
Ilm (± Kf ± Ap). Garnet + ilmenite locally overgrown on the aggregate as shown by red 933 
contours in (4c). Note the grain size consistently below 10 μm. (d-e) Irregularly shaped 934 
patches of K-feldspar associated with plagioclase and quartz; (4e) is the outline of (4d) 935 
showing K-feldspar in yellow and quartz in black.    936 
937 
Fig.5 938 
Grain size distribution of orthopyroxene, plagioclase, clinopyroxene and quartz in the fine-939 
grained polyphase aggregate. Mean (A) and Standard Deviation (SD) is given on the side. 940 
Grain size is consistently below 10 μm for all phases. 941 
942 
Fig.6 943 
EBSD analysis of orthopyroxene. (a) EBSD map of local misorientation, colour coded 944 
according to the degrees of misorientation between each pixel and its neighbouring clusters 945 
of pixels within a radius of 7x7 pixels. The maximum misorientation allowed was 5ᵒ. Colour 946 
scale below. The presence/absence of misorientation walls is highlighted. Low angle (3-10ᵒ) 947 
subgrain boundaries are shown in white; >10ᵒ grain boundaries in black. (b) EBSD map of 948 
texture component, colour coded according to the degrees of misorientation from the red dot 949 
in large blue grain. Colour scale below. (c) Accumulated misorientation profiles across 950 
orthopyroxene grains. Trace of profiles are shown in (6a). (d) Pole figures of orthopyroxene 951 
porphyroclasts (combination of all datasets, one-point-per-grain) and of the selected subset 952 
(white box in 6b). For the subset, the intracrystalline grains are shown in light grey and the 953 
39 
porphyroclast in black. N is the number of data points (grains). (hkl) notation is used for 954 
poles to planes. Upper hemisphere, equal area projection. See text for explanation. 955 
956 
Fig.7 957 
Clinopyroxene. (a) EBSD map of local misorientation; as in Fig. 6 (b) EBSD map of texture 958 
component, colour coded according to the degrees of misorientation from the red dot. Colour 959 
scale below. Trace of misorientation profile A-A’ is show in white. (c) Pole figures of 960 
clinopyroxene porphyroclasts (combination of all datasets, one-point-per-grain) and of the 961 
selected subsets (white boxes in b). For the subsets, the intracrystalline grains are shown in 962 
black and the porphyroclast in light grey. N is the number of data points (grains). Upper 963 
hemisphere, equal area projection. See text for explanation. 964 
965 
Fig.8 966 
Intracrystalline band in clinopyroxene porphyroclast. (a) Optical micrograph - crossed polars. 967 
(b) EBSD map of local misorientation; as in Fig. 6. (c) Pole figures of the intracrystalline968 
band – intracrystalline grains shown in grey, porphyroclast in black. N is the number of data 969 
points (grains). Upper hemisphere, equal area projection.  970 
971 
Fig.9 972 
EBSD analysis of plagioclase. (a) EBSD map of local misorientation; as in Fig. 6. (b) 973 
Accumulated misorientation profiles across plagioclase grains. Trace of profiles are shown in 974 
(9a). (c) Pole figures of plagioclase porphyroclasts (combination of all datasets, one-point-975 
per-grain) and of the selected subset (white box in 9a). For the subsets, the crystallized 976 
40 
grains are shown in dark grey and the porphyroclasts in light grey. N is the number of data 977 
points (grains). Upper hemisphere, equal area projection.  978 
979 
Fig.10 980 
Polyphase aggregate (a) EBSD phase-map showing only the fine polyphase aggregate. 981 
green: orthopyroxene; blue: quartz; red: clinopyroxene; yellow: plagioclase. (b) Pole figures 982 
of the poly phase aggregate, one-point-per-grain. Each phase separate. Upper hemisphere, 983 
equal area projection. Data is from (a), contoured using a half width of 15ᵒ. Strength of 984 
texture is given as m.u.d (multiples of uniform distribution) and as J-index. Contours have a 985 
step-size of 0.5, starting from 1.0 m.u.d. N is the number of data points (grains). (c) 986 
Misorientation angle distributions for correlated and uncorrelated grains, plotted against the 987 
theoretical random curve.  988 
989 
Fig. 11 990 
Plots of MgO versus SiO2, Al2O3, Na2O and CaO wt% of bulk-rock chemical compositions. 991 
The mafic dyke O34b shown in red is compared with the felsic leucosomes sampled by 992 
Menegon et al. (2011) from adjacent migmatitic metapelites and with mafic pre-kinematic 993 
dykes reported by (Reginiussen et al., 1995). Bulk rock chemical compositions are also 994 
reported in Table 1.  995 
996 
Table 1 997 
Bulk-rock composition (major elements) of the sheared mafic dyke (O34b) with and without 998 
felsic portion, compared with leucosome compositions of Menegon et al. 2011 and with 999 
Reginiussen et al. 1995 most-mafic dyke (574C) of the same suite of the studied dyke.  1000 
41 
1001 
Fig. 12 1002 
Triangular plots of (a) pyroxene compositions and (b) feldspar compositions, derived from 1003 
microprobe analysis of mineral phases. See also Table 2 for mineral compositions.    1004 
1005 
Table 2 1006 
Selection of major element microprobe analysis of porphyroclastic and fine-grained 1007 
clinopyroxene, orthopyroxene and plagioclase, with corresponding mineral formula unit 1008 
recalculations. Pyroxenes are calculated based on 4 cations whereas plagioclase is 1009 
calculated based on 6 oxygens. End members ratios are shown below each measurement: 1010 
Wollastonite (Wo), Enstatite (En), Ferrosilite (Fs), Albite (Ab), Anorthite (An), Orthoclase (Or). 1011 
1012 
Fig.13 1013 
Results from SIMS – intracrystalline water contents in orthopyroxene and clinopyroxene 1014 
porphyroclasts. (a) Frequency histogram of intracrystalline water contents. Frequency is 1015 
given as number of measurements. Peak of orthopyroxene between 10-20 ppm; mode of 1016 
clinopyroxene between 50-60 ppm. (b) Intracrystalline water content versus grains’ aspect 1017 
ratio. No relationship between the two is obvious. (c) K2O content versus intracrystalline 1018 
water content in pyroxenes.    1019 
1020 
Fig.14 1021 
(a) P-T isochemical section of the studied sample (composition of O34b without felsic portion1022 
of Table1) at dry conditions and (b) the same P-T isochemical section with 0.03 wt% H2O, 1023 
42 
corresponding to the LOI (c) T-X pseudosection at 0.7GPa pressure showing the 1024 
mineralogical stability fields by mixing a pristine mafic dyke (X=0.00; composition from 1025 
Reginiussen et al. 1995; pre-kinematic dyke 574C) with a felsic leucosome (X=1.00; 1026 
composition from Menegon et al. 2011; leucosome-rich domain). Shaded yellow area is the 1027 
T-X space where our syn-kinematic mineral assemblage is stable. Numbers refer to1028 
mineralogical assemblages given below. Grey lines correspond to vol% of quartz (left) and 1029 
K-feldspar (right). See text for discussion.1030 
1031 
Fig.15 1032 
Plot of strain rate (s-1) versus differential stress (MPa) to model the rheology of the sheared 1033 
mafic dyke. The following flow laws were used: dry diabase (Mackwell et al., 1998) and dry 1034 
gabbro with <1 vol% melt (Zhou et al., 2012) for dislocation creep; dry anorthite+diopside 1035 
aggregate (Dimanov and Dresen, 2005) and dry anorthite aggregate  200 µm grain size - 1036 
with and without 10 vol% melt (Dimanov et al., 1998) for diffusion creep. See Table 3 for 1037 
more details.  1038 
1039 
Table 3 1040 
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Figure 15
Wt% O34b without felsic O34b with felsic portion
Menegon et al. 2011 
Leucosome-rich 
domain
Menegon et al. 2011 
Leucosome-poor 
domain
Reginiussen et al. 
1995 Pre-kinematic 
574C
SiO2 47.39 52.12 66.05 66.04 45.91
Al2O3 14.13 15.04 15.90 16.13 12.92
Fe2O3 16.18 13.66 4.39 6.22 13.04
MnO 0.26 0.24 0.06 0.04 0.19
MgO 7.25 5.67 4.28 4.13 11.19
CaO 10.07 8.07 2.49 2.38 11.48
Na2O 1.11 1.84 1.45 1.37 0.65
K2O 0.13 0.80 3.22 1.86 0.75
TiO2 3.14 2.50 0.22 0.13 2.33
P2O5 0.40 0.25 0.11 0.09 0.35
LOI 0.03 0.03 1.83 1.61 -
Tot 100.06 100.19 98.1700 98.39 98.81
Table 1
wt% cpx-p-1 cpx-p-2 cpx-p-32 cpx-p-54 cpx-p-55 cpx-m-3 cpx-m-4 cpx-m-19 cpx-m-20 cpx-m-21 cpx-m-52
SiO2 51.70 51.81 51.84 52.21 51.77 51.53 51.49 52.74 52.30 52.27 53.30
TiO2 0.22 0.11 0.08 0.08 0.16 0.25 0.19 0.09 0.11 0.08 0.20
Al2O3 1.70 1.67 1.64 1.60 1.90 2.04 1.99 1.80 1.90 1.34 0.80
Fe2O3 11.08 10.55 11.29 11.34 11.05 11.29 11.08 9.46 10.35 11.02 9.10
MnO 0.24 0.22 0.24 0.21 0.32 0.25 0.20 0.20 0.24 0.26 0.20
MgO 11.68 11.83 11.57 11.64 11.61 11.45 11.35 12.20 11.83 12.06 13.40
CaO 21.81 21.95 21.86 21.81 22.05 21.89 21.99 22.32 22.11 21.96 22.60
Na2O 0.44 0.53 0.44 0.46 0.41 0.45 0.41 0.50 0.51 0.45 0.40
K2O 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
P2O5 0.29 0.23 0.32 0.27 0.29 0.29 0.23 0.23 0.22 0.26 0.30
Cr2O3 0.12 0.04 0.09 0.00 0.04 0.05 0.15 0.02 0.08 0.05 0.00
Tot 99.28 98.94 99.37 99.63 99.60 99.48 99.08 99.56 99.64 99.75 100.14
Si 1.96 1.97 1.97 1.98 1.96 1.95 1.96 1.98 1.97 1.97 1.99
Ti 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Al 0.08 0.07 0.07 0.07 0.08 0.09 0.09 0.08 0.08 0.06 0.03
Fe tot 0.35 0.34 0.36 0.36 0.35 0.36 0.35 0.30 0.33 0.35 0.28
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.66 0.67 0.65 0.66 0.66 0.65 0.64 0.68 0.67 0.68 0.75
Ca 0.89 0.89 0.89 0.88 0.89 0.89 0.90 0.90 0.89 0.89 0.90
Na 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03 0.03
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SUM 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Wo 46.69 47.06 46.74 46.54 47.08 46.94 47.36 47.81 47.39 46.38 46.72
En 34.80 35.29 34.42 34.57 34.50 34.17 34.02 36.37 35.29 35.45 38.62
Fs 18.51 17.65 18.84 18.89 18.42 18.90 18.63 15.82 17.32 18.17 14.66
  Opx porphyro.   Opx matrix
wt% opx-p-12 opx-p-13 opx-p-14 opx-p-34 opx-p-59 opx-m-11 opx-m-15 opx-m-17 opx-m-35 opx-m-44 opx-m-16
SiO2 51.25 51.32 51.20 51.12 51.66 50.33 51.02 51.10 51.27 51.48 51.92
TiO2 0.04 0.08 0.02 0.11 0.11 0.06 0.07 0.08 0.03 0.06 0.08
Al2O3 0.92 0.91 1.02 0.96 0.93 1.66 1.19 1.40 1.29 1.08 1.14
Fe2O3 30.04 30.10 29.98 29.54 29.51 30.52 29.29 29.05 29.09 29.06 29.45
MnO 0.63 0.59 0.68 0.60 0.64 0.57 0.55 0.48 0.55 0.59 0.65
MgO 16.89 16.98 16.97 17.22 16.88 16.07 16.66 16.57 17.31 17.52 16.72
CaO 0.43 0.42 0.47 0.46 0.45 0.52 0.36 0.39 0.32 0.29 0.36
Na2O 0.04 0.01 0.03 0.00 0.01 0.01 0.05 0.02 0.02 0.02 0.02
K2O 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.00
P2O5 0.04 0.00 0.00 0.03 0.00 0.02 0.03 0.01 0.00 0.00 0.00
Cr2O3 0.07 0.01 0.00 0.02 0.07 0.03 0.05 0.02 0.00 0.02 0.01
Tot 100.36 100.42 100.39 100.06 100.25 99.80 99.28 99.13 99.89 100.12 100.35
Si 1.97 1.98 1.97 1.97 1.99 1.96 1.98 1.99 1.98 1.98 2.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 0.04 0.05 0.04 0.04 0.08 0.05 0.06 0.06 0.05 0.05
Fe tot 0.97 0.97 0.96 0.95 0.95 0.99 0.95 0.95 0.94 0.93 0.95
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg 0.97 0.97 0.97 0.99 0.97 0.93 0.97 0.96 0.99 1.00 0.96
Ca 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Wo 0.92 0.89 1.00 0.97 0.96 1.11 0.78 0.85 0.67 0.61 0.77
En 49.60 49.70 49.73 50.47 50.01 47.88 49.95 49.99 51.13 51.49 49.92
Fs 49.48 49.42 49.28 48.56 49.03 51.01 49.26 49.16 48.20 47.90 49.32
  Pl porphyro.   Pl matrix
wt% pl-p-1 pl-p-2 pl-p-4 pl-p-5 pl-p-8 pl-m-40 pl-m-24 pl-m-25 pl-m-26 pl-m-27 pl-m-48
SiO2 48.72 48.99 48.45 48.54 48.32 48.75 46.46 47.99 52.88 51.80 45.53
TiO2 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Al2O3 32.25 32.45 32.57 32.20 33.44 33.27 34.76 33.52 29.98 31.10 35.05
Fe2O3 0.06 0.07 0.21 0.12 0.14 0.33 0.13 0.30 0.34 0.41 0.58
MnO 0.00 0.01 0.00 0.00 0.01 0.02 0.05 0.00 0.05 0.02 0.01
MgO 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.04 0.00
CaO 15.87 15.73 16.14 15.88 15.65 15.53 16.98 15.88 12.10 13.10 17.74
Na2O 2.58 2.58 2.50 2.65 2.47 2.28 1.71 2.36 4.38 3.84 1.09
K2O 0.08 0.09 0.05 0.07 0.11 0.08 0.03 0.07 0.15 0.18 0.02
P2O5 - - - - 0.21 0.13 0.17 0.28 0.17 0.19 0.24
Cr2O3 - - - - 0.00 0.02 0.00 0.01 0.00 0.00 0.00
Tot 99.57 99.93 99.96 99.46 100.35 100.42 100.29 100.43 100.08 100.68 100.26
Si 2.24 2.24 2.22 2.24 2.20 2.22 2.13 2.19 2.39 2.34 2.18
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.75 1.75 1.76 1.75 1.80 1.78 1.88 1.80 1.60 1.65 1.81
Fe tot 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.78 0.77 0.79 0.78 0.76 0.76 0.83 0.78 0.59 0.63 0.78
Na 0.23 0.23 0.22 0.24 0.22 0.20 0.15 0.21 0.38 0.34 0.21
K 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Cr - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P - - - - 0.01 0.00 0.01 0.01 0.01 0.01 0.01
SUM 5.00 5.00 5.01 5.01 5.00 4.98 5.00 5.00 4.99 5.00 5.01
An 76.90 76.70 77.89 76.44 77.30 78.62 84.42 78.46 59.89 64.66 78.63
Ab 22.64 22.76 21.83 23.13 22.08 20.89 15.39 21.10 39.23 34.30 21.09
Or 0.47 0.55 0.28 0.43 0.63 0.49 0.19 0.44 0.89 1.05 0.28
  Cpx porphyro.   Cpx matrix
Table 2
Flow law Material A (Pa-n s-1) log A n Q (kJ mol-1) d (m) m 
Mackwell et al. (1998) Dry Maryland diabase (56% plagioclase, 43% pyroxene) 8 x 10
6 - 4.7 485 - - -
Zhou et al. (2012) Dry gabbro with < 1 vol% of melt - 10.3 4 644 - - -
Dimanov et al. (1998) Anorthite aggregates with up to 10 vol% of melt - 1.09 x 10
-15 1 388 200 -2.7 0, 0.1
Dimanov and Dresen (2005) Dry anorthite + diopside aggregates 1210 - 1 436
An 3.5     
Di < 35 nd -
Deformation mechanism
Dislocation creep
Dislocation creep
Diffusion creep
Diffusion creep
Table 3
